Abstract. We report an experimental investigation of the facilitated excitation dynamics in off-resonantly driven Rydberg gases by separating the initial off-resonant excitation phase from the facilitation phase, in which successive facilitation events lead to excitation avalanches. We achieve this by creating a controlled number of initial seed excitations. Greater insight into the avalanche mechanism is obtained from an analysis of the full counting distributions. We also present simple mathematical models and numerical simulations of the excitation avalanches that agree well with our experimental results.
Introduction
Rydberg excitations in ultracold atoms have become a rich and versatile model system for strongly correlated phenomena in recent years [1] . The strong van der Waals and dipole-dipole interactions between high-lying Rydberg states give rise to a host of phenomena such as the dipole blockade, in which the creation of more than one Rydberg excitation within a certain radius is strongly suppressed [2, 3, 4, 5] , and facilitated excitation [6, 7] . The latter arises for off-resonant excitation of the atomic sample and relies on the Rydberg-Rydberg interaction that shifts the energy levels of the two atoms and thus exactly compensates the laser detuning. The laser detuning, therefore, represents an experimental handle for the selective excitation of pairs of atoms at a well-defined interatomic distance. In recent experiments signs of this facilitation have been observed in the form of lineshape asymmetries [8, 9] , the formation of excitation clusters [10] deduced from an analysis of the full counting statistics [11, 9] and the transmission properties of a room-temperature gas [12, 13] .
In typical experiments involving facilitated excitation [6, 7, 11, 9, 12, 13] , the offresonant excitation dynamics is triggered by the presence within the atomic cloud of one (or more) atoms already excited to the target Rydberg level. In order to explore and exploit the facilitation process we have developed a 'seed' technique in which a resonant laser pulse creates the required initial excitation(s), and the successive facilitation process is mediated by a second, off-resonant laser pulse. The temporal and spatial control over the laser pulses and the atomic cloud provides a promising scheme for the controlled preparation of strongly correlated atomic systems. Here we report a detailed investigation of the facilitation mechanism based on the seed technique, which allows us to separate the initial off-resonant excitation phase from the facilitation phase in which successive facilitated excitation events lead to avalanche-like chain reactions. Using the full counting distributions of the number of excitations we study the avalanche phase and compare our results to simple mathematical models and numerical simulations.
In this work first briefly recap the basic idea of the facilitation mechanism and extend it to non-uniform atomic density distributions. We then process to describe our experimental apparatus and, in particular, the different laser geometries determining the spatial distribution of the facilitated excitations, as well as the laser configuration used for creating the seed excitations. Experimental results on the dynamics of the seeded avalanche excitations and the full-counting distributions in different excitation regimes are presented in Section 4. Section 5 describes two different models predicting the time dependence and the probability distributions of the excitation numbers. The numerical simulations presented predict full counting distributions that are in good agreement with the experimental results in different parameter regimes.
The facilitation mechanism
In the dipole blockade picture the strong interaction between Rydberg atoms means that an already excited Rydberg atom can suppress the excitation of a second one at a distance smaller than the so-called blockade radius. In the case of coherent excitation all the atoms inside a blockade volume share one collective excitation.
If, on the other hand, we consider off-resonant Rydberg excitation, the van der Waals interaction can compensate the energy mismatch, thus facilitating the excitation of pairs of Rydberg atoms at an appropriate distance. Two atoms at a distance r from each other can be simultaneously coherently excited if r and the detuning ∆ of the excitation laser fulfil the following condition [14] :
A different process occurs if a Rydberg excitation is already present in the system: the van der Waals interaction can then facilitate successive Rydberg excitations of ground state atoms. In Fig. 1 a scheme of this off-resonant excitation is presented. The Rydberg excitation already present in the system shifts the energy levels of atoms located inside a facilitation shell of radius r f ac and thickness δr f ac [6] into resonance with the Rydberg transition, where
with C 6 the van der Waals coefficient (h × 869.7 GHz × µm 6 for the 70S state [15] used in our experiments), and γ the combined laser and residual Dopper linewidth (around 2π × 0.7 MHz in our case). Once an excitation is created in the facilitation shell, it creates a second facilitation shell around it in which further atoms can be excited. In this way, a chain reaction or 'avalanche' ensues that stops when there are no more atoms inside the next facilitation shell.
If N g denotes the mean number of atoms within the facilitation shell, the probability P of there being at least one atom in the shell can be calculated (assuming a Poissonian process) as
In a 3D geometry, for a mean atomic density ρ at the shell location, the mean number of atoms in the shell is given by
In a 1D geometry along the x axis, with the atoms confined transversely within an area σ, and with a spatially dependent density ρ(x), the mean atom number in the shell is given by
In the typical case of a Gaussian atomic density distribution, which is a good approximation for the density distribution inside a magneto-optical trap, as the facilitation process moves outwards from the centre (where the creation of the initial seed excitation is most likely), the density in the next facilitation shell decreases, and eventually the facilitation process reaches a stage where the probability of there being at least one atom in the next shell is close to zero. At that stage, denoted as the 'saturation stage', the number of Rydberg excitations will reach its saturation limit.
Experimental apparatus
Our experiments are performed in magneto-optical traps (MOTs) of 87 Rb atoms with typical sizes around 150 µm and peak densities ρ 0 of up to 10 11 cm −3 (for details see [16, 9] ). With the MOT beams switched off, laser beams at 420 nm and 1013 nm excite atoms to the 70S Rydberg state through a two-photon process via the 6 P 3/2 intermediate state. The 420 nm laser is detuned by ≈ 1 GHz from that level. We usse laser configurations realizing different excitation volumes, using the two lasers in copropagating or angle configuration. A quasi 1D geometry is realized with the 420 nm beam focused to around 6 µm, comparable to the facilitation radius, while the laser beam at 1013 nm has a waist of 110 µm. A 3D geometry is realized when the 420 nm laser has a waist of 40 µm and co-propagates with the 1013 nm laser. In the following, the effective excitation volumes and the number of atoms will be reported in the captions of the experimental figures.
At the end of an excitation sequence the Rydberg atoms are field ionized and the ions thus produced are accelerated to a channeltron. The overall η detection efficiency of our system is around 40%. In the following we report the measured number N obs of ions, from which the actual number of Rydberg excitations N is calculated as N = N obs /η.
The resonant two-photon Rabi frequency for the Rydberg excitation is Ω/(2π) = 35±7 kHz. Since this Rabi frequency is smaller than the laser linewidth γ, the (resonant) dynamics of our system takes place in the incoherent regime characterized by a transition rate Γ = Ω 2 /2γ [17] . In order to create initial seed excitations we use either the 1013 nm beam (derived from the plus first diffraction order of the acousto-optic modulator used to control the pulses) with a shifted frequency or a separate resonant beam at 1013 nm. In the latter case, as in Fig. 2 , the resonant pulse is created with the -1 diffraction order of the acousto-optic modulator, while the zeroth order off-resonant excitation beam is constantly present. The pulse timing in this case is achieved solely with the 420 nm beam. We verified that the constant presence of the off-resonant 1013 nm laser radiation alone has no effect on the atoms. The frequency-switched single beam technique works for two-photon detuning ∆/2π up to 30 MHz, whereas the two-beam technique is used for ∆/2π between 55 and 80 MHz. These limits stem from the diffraction efficiency of the acousto-optic modulator at different frequencies and from the variation of the diffraction angle with frequency that leads to a shift in the beam position with respect to the atomic cloud.
The (effective) number of ground-state atoms in our experiment, and hence the density of the clouds (keeping their size and shape constant), is controlled by depumping a fraction of the atoms from the F=2 hyperfine ground state (which is coupled to the Rydberg state by the excitation lasers) into the F=1 state (which lies 6.8 GHz below the F=2 state is is, therefore, effectively decoupled from the Rydberg transition) using a resonant laser pulse of duration up to 2 µs, as presented in [18] . Figure 2 . Sketch of the optical alignment for the quasi 1D and 3D geometries. The 3D geometry is realized with co-propagating 1013 nm and 420 nm beams, while for the quasi 1D geometry a tightly focused 420 nm beam intersects the 1013 nm beam at an angle θ.
Experimental results
The seeded Rydberg excitation is based on the application at time t seed of a short (around 0.5 µs) resonant pulse (∆ = 0). That pulse creates a controllable number of Rydberg excitations (seeds) limited by the interaction time and, in the regime of large numbers of seeds, by the dipole blockade. Subsequently, an off-resonant laser is applied which induces the facilitated excitation process described above. Figure 3 reports experimental results for this in a 3D geometry: at time t seed the resonant pulse creates around 2 seed excitations, after which the excitation laser is switched to ∆/2π = +75 MHz. Typical results for t seed = 10 µs, 25 µs and 45 µs are shown. Between t = 0 and t = t seed the mean number of excitations remains close to zero and grows very slowly due to the large detuning of the excitation laser. After the injection of seeds at t seed , the rate of excitation rises sharply and the mean number continues to increase up to N obs ≈ 10, at which point saturation sets in. As can be clearly seen in Fig. 3 , the atomic dynamics after the injection of the seed is largely independent of t seed , as one might expect. Time (µs) Figure 3 . Mean number N obs of Rydberg excitations as a function of time for offresonant excitation at ∆/2π = +75 MHz and different values of the time t seed at which ≈ 2 seeds are created by a short resonant pulse. The red data points correspond to t seed = 10 µs, blue data to t seed = 25 µs and green data to 45 µs. The experiments were carried out in a 3D geometry with N = 1, 700, 000 atoms (of which 210, 000 in the interaction volume) in a MOT with dimensions 160 µm × 130 µm × 100 µm.
In order to confirm our interpretation of the role of the seed excitation, we perform an experiment in the 3D geometry in which a variable number N seed of seed excitations is created at t = 0 and the system is thereafter off-resonantly excited for 100 µs. The results of this experiment are reported in Fig. 4 . The mean number of seeds N seed created at the beginning of the dynamics is varied between 0 and around 5 by changing the resonant pulse duration. From the results shown in Fig. 3 one might expect that each time at least one seed is created at t = 0, a facilitation avalanche is triggered and at 100 µs the system has reached the saturation regime. This behaviour is confirmed by the experimental data of Fig. 4 . From that data we also derive the (observed) Mandel Q-parameter Q obs defined as [19, 20] 
The dependence of Q obs on the mean number of seeds is reported in Fig. 4 . For small values of N seed the fluctuations in the mean number of excitations at 100 µs are large as the system will sometimes (when a seed is created at t = 0) end up with a large number of excitations, and sometimes with very few. As the mean number of seeds (and hence the probability of creating at least one seed) grows, the Q-parameter decreases and becomes slightly negative, indicating a sub-Poissonian distribution that is compatible with the interpretation of almost deterministically triggering an avalanche that always results in the same final number of excitations. While in Fig. 4 the (small) mean number of seeds essentially determined only Figure 4 . Off-resonant excitation in a 3D geometry at ∆/2π = +27 MHz. The mean number N obs of Rydberg excitations (red circles and left axis) and the Mandel Qparameter Q obs (grey circles and right axis) after 100 µs excitation are plotted vs the measured number of seed excitations N seed . As N seed increases, the system reaches saturation. The dashed lines are the predictions of the bimodal model with N 1 = 2 and N 2 = 45. The inset reports the corresponding probability distribution P (Ñ ) of the bimodal model excluding (vertical bars) and including (stepwise line) the binomial convolution of ref. [9] taking into account the η detection efficiency. The valuesÑ correspond to N obs for the line and N for the bars. The experiments were performed in a 3D geometry with N = 90, 000 atoms (of which 50, 000 in the interaction volume) in a MOT with dimensions 80 µm × 40 µm × 60 µm. the probability of starting the facilitation avalanche, in Fig. 5 we report results for larger numbers of seed excitations and a fixed excitation time of 70 µs. Intuitively one expects for large seed numbers, each seed will start its own avalanche, up to the point where the seeds are so close together that no further facilitated excitations are possible. This interpretation is confirmed by Fig. 5 , where N f ac = N obs − N seed , i.e., the number of facilitated excitations, is plotted as a function of the number of seeds. Clearly, N f ac decreases sharply beyond around 10 seed excitations, for which the mean distance between seeds is around 2r f ac (for the detuning ∆/2π = +24 MHz used in Fig.  5, r f ac = 5.7 µm) .
Finally, as in our previous works [9] we used the full counting statistics of the Rydberg excitations in order to obtain further insight into the underlying excitation dynamics. The experimental results, shown in 6, are discussed in detail in the next section. 
Analytical models and numerical simulations
Following the analysis introduced in [9] we model our experimental results of Fig. 4 using a simple bimodal approach described by the following probability distribution P (N):
where for a given number of seeds N seed /η, the quantity α is the probability of having no seed
and N 1 and N 2 represent the number of Rydberg excitations for the two modes of the model. The basic assumption is that in the absence of a seed at t = 0 the number of excitations in the system will be N 1 , whereas when a seed is created the successive facilitation processes lead to a final number N 2 of excitations. For the above distribution P (N) the mean number and the Mandel Q-parameter are
We use these expressions to reproduce the dependence of N obs and Q obs on N seed reported in Fig. 4 by using reasonable values for N 1 and N 2 . The agreement between the experiment and the model is good. The inset of Fig. 4 reports the probability distribution P (Ñ) of the bimodal model with and without a convolution with a binomial distribution reflecting the finite detection efficiency η. This distribution reproduces the general shape of the experimental probability distributions of Fig. 6 . Whilst the above model is a good approximation for the atomic density regime where the facilitation "steps" starting from the seed occur with high probability, meaning that the mean number of atoms in each facilitation shell is much larger than unity, it is less suitable for describing our system at lower and non-uniform atomic densities. In fact, the spatial density distribution is expected to be significantly influence the avalanche process.
Furthermore, the above model assumes a counting distribution rather than predicting it. For a 1D geometry, a simple model that predicts the counting distributions taking into account the density variation across the cloud can be derived as follows. Assuming that a seed is created at the centre of the atomic density distribution, the probability P (s) that the system will realize exactly s facilitation steps can be calculated by multiplying, at each step, the probabilities of having at least one atom in the j-th facilitation shell. This product is performed up to shell s, and the result is multiplied by the probability that the avalanche stops there, i.e., that there is no atom in the next shell s + 1. This can be expressed mathematically in the following formula: (10) where N g (jr f ac ) is the mean number of ground state atoms in the facilitation shell at distance jr f ac from the centre of the density distribution. The number of steps s = tΓ to be used in this model is determined by the total pulse time t and the resonant transition rate Γ corresponding to the timescale τ = 1/Γ for each facilitation step.
For the 1D geometry the full counting distribution is obtained from Eq. (10) assuming that from the central seed the avalanche starts in both directions, with the number of ground state atoms within the jth shell given by Eq. (5). De-excitation events of the atoms are neglected in this model. The above process can also be simulated numerically by placing a single seed at the center of the MOT and performing the jth excitation with probability P (j + 1) = 1 − e Ng(jr f ac ) . When the excitation probability reaches ≈ 1 × 10 −4 , the simulation is stopped and the total number of excitations is recorded. The results obtained by several simulations, multiplied by the average probability (1 − α) for the creation of at least one seed and convoluted with a binomial distribution in order to take into account our finite detection efficiency, are reported as the blue histograms of Fig 6(d-f) . They demonstrate the good agreement between the mathematical model and the experimental results.
In the above analysis we use N g (r f ac ) as the only defining parameter of our system. In fact, although the number of atoms in a facilitation shell is determined by the atomic density ρ as well as the radius r f ac and the width δr f ac of the facilitation shell, which depend on ∆, in our model only the product of the shell volume and the density matters. This means that if we change ∆ and ρ keeping N g (r f ac ) constant, we expect to see the same counting distributions. This feature is very well reproduced by the experimental results shown in Fig. 6 (a) to (c), where in each case ∆ and ρ are chosen (red bars and black line) such as to keep N g (r f ac ) (evaluated at the centre of the cloud) constant.
The experimental and theoretical results of Fig. 6 exhibit three different types of distributions. In (a,d) the value of N g (r f ac ) at the centre of the cloud is small so that even the first few facilitation steps are unlikely to occur and successive ones even more so, resulting in an exponentially decaying counting distribution; in (b,e) N g (r f ac ) is larger, leading to flat counting distributions. There the probability of creating the first facilitated excitation is less than 100 percent but still sufficient to ensure that a large number of facilitation steps is realized in most evolutions. Finally in (c,f) the bimodal distribution with one mode centered around N obs ≈ 0 and the other around N obs ≈ 12 arises for large values of N g (r f ac ) , confirming our interpretation of Section 4 according to which every time a seed is created, the number of excitations reaches the saturation value. In the presence of a seed, the atomic system easily realizes the first few facilitation steps with a stop in the facilitation process when the density becomes too small to ensure the presence of an atom in the next facilitation shell.
For both of the above models the mean number of seeds plays a role only insofar as it determines the probability of starting the avalanche process. On the other hand, in those cases where more than one seed is created one expects each seed excitation to start its own avalanche process, resulting in a faster initial growth of the number of Rydberg excitations. However, the finite volume of the MOT implies that those avalanche processes will soon start running into each other, so that above a certain number of seeds each seed excitation will only create a small number of facilitated excitations. Eventually, when the mean distance between the seed excitations is less then ≈ 2r f ac , there will not be any ground state atoms in the MOT that fulfil the facilitation condition. To verify this interpretation we have performed the avalanche excitation process in a quasi-1D geometry and in a regime of large N seed up to ≈ 30. Fig. 5 (b) confirms this interpretation: for N seed > 10, which corresponds to a mean distance between excitations below 2r f ac , the number of facilitated excitations decreases towards 0.
Conclusions
In summary, we have shown that off-resonant excitation of a cloud of cold atoms to Rydberg states leads to a facilitation processes that strongly depends on the number of ground state atoms in the facilitation shell. This process is a striking example of a many body system where strong interactions lead to strongly correlated dynamics. The seed technique allows us to control the probability and the starting point of this process. We found that while a simple bimodal approach reproduces the essential features for the mean number of excitations and the Mandel Q parameter, a more refined analytical model describes the full counting distribution of the Rydberg excitation process. Our results pave the way towards flexible experimental tools for exploring Ising-like models and spin systems. For instance, by controlling the energy of the Rydberg states through light shifts or applied electric field, the spatial position of the seeds as well as the directions in which facilitation occurs could be controlled.
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